objective Diagnosis of bacterial meningitis often requires cytometry, chemistry and/or microbiologic culture capabilities. Unfortunately, laboratory resources in low-resource settings (LRS) often lack the capacity to perform these studies. We sought to determine whether the presence of white blood cells in CSF detected by commercially available urine reagent strips could aid in the diagnosis of bacterial meningitis.
Introduction
Bacterial meningitis is among the top ten contributors to mortality in children under 5 years of age worldwide, accounting for 2-3% of deaths in this age group [1, 2] . Adults are affected as well, with more than a million reported cases of bacterial meningitis in the Africa meningitis belt over the last 20 years [3] . The mortality rate due to bacterial meningitis is greater than 50% in selected populations, including HIV-infected individuals [4] . Morbidity is also high, with 20% of survivors demonstrating permanent sequelae, such as hearing loss, neurologic disability or loss of limb [5] . Fortunately, morbidity can be mitigated through prompt identification and treatment [6] .
The diagnosis of bacterial meningitis is supported by an elevated opening pressure, the appearance of cloudy cerebrospinal fluid (CSF), a decreased CSF glucose concentration, an increased CSF protein concentration, positive CSF bacterial cultures and CSF pleocytosis (elevated white blood cells [WBC] , defined by WBC ≥10 per microlitre [WBC/lL]) [6] [7] [8] . In areas with adequate microbiologic laboratory infrastructure, a combination of gram staining and cultures of CSF is often relied upon as the gold standard for diagnosis. However, in low-resource settings (LRS), cytology, chemistry and reliable microbiologic laboratory analyses are often unavailable [9] . Practitioners in these settings often rely on clinical examination coupled with subjective assessments, such as evaluating the general appearance of the CSF, which have poor diagnostic yield [10] [11] [12] .
Consequently, there is a need for affordable, rapid and accurate methods to aid in diagnosing bacterial meningitis in LRS. Urine reagent strips, which are designed to diagnose urinary tract infections, are theoretically able to test for several components in CSF that are potentially valuable for diagnosing meningitis, including protein, glucose, white blood cells and red blood cells. Over the last 30 years, several studies have investigated the use of urine reagent strips as a means to aid in the diagnosis of meningitis. We conducted a meta-analysis of the published literature to assess the utility of the leucocyte esterase assay on urine reagent strips to accurately detect the presence of white blood cells in CSF. We aimed to assess whether urine reagent strips have adequate diagnostic validity to suggest bacterial meningitis for use in LRS without laboratory infrastructure requisite for standard meningitis diagnostics.
Methods

Data sources
We searched PubMed for studies published in any language before September 2016 that examined the use of urine reagent strips as an aid in the diagnosis of bacterial meningitis. Our searches included the following index terms: reagent strip, urine reagent strip, stix, urine test strip, cerebrospinal fluid and meningitis (See Appendix S1 and S2). We also reviewed reference lists published in retrieved studies and review articles to add any relevant articles not discovered by our search.
Eligibility criteria and study selection
Study inclusion criteria were as follows: (i) a lumbar puncture to obtain CSF; (ii) either a CSF cell count or microbiologic test for bacterial meningitis was performed; and (iii) a urine reagent strip was used to test the CSF and determine the presence of WBC. Studies were excluded if the urine reagent strip is no longer manufactured. A single reviewer (WB) reviewed all abstracts for inclusion criteria.
Data extraction
We abstracted the number of true-positive, false-negative, false-positive and true-negative cases from each included study. A true-positive case was defined as when the leucocyte esterase assay of a urine reagent strip showed a positive change on a CSF specimen with ≥10 WBC/lL. When WBC/ lL were not reported, a true-positive case was defined when a CSF culture was positive for bacteria, except in the case of a single study (Molyneux et al.) for which all confirmed aetiologies of meningitis were considered as a positive result (i.e. tuberculosis, viral or bacterial). A true-negative case was defined as when the leucocyte esterase assay of a urine reagent strip was negative for a CSF specimen with <10 WBC/lL. For each study, we also abstracted: (i) the country where the study was conducted; (ii) the number of patients in each study; (iii) the year the study was published; (iv) the brand and name of the urine reagent strip analysed; and (v) the age ranges of the subjects.
Data quality assessment
For each study, we analysed the quality of the study design and potential for bias. Quality categories involved inclusion/exclusion criteria, number of observers interpreting the urine reagent strips, whether the observers were blinded, and attention to inter-and/or intra-observer bias.
Statistical analysis
Using abstracted data for true positives, true negatives, false positives and false negatives from each study, we fit bivariate mixed effects logistic regression models to estimate pooled estimates of sensitivity, specificity, positive and negative likelihood ratios, and 95% confidence intervals for each measure [10] , and graphically summarised the data with a forest plot. We estimated study heterogeneity with inconsistency-squared (I 2 ) and assessed for publication bias by regressing the log odds ratio of each study on the inverse root of the sample size (Deek's plot) and estimating the linear coefficient. We repeated our analysis with a sample restricted to the seven studies using Combur urine reagent strips. Finally, we calculated positive and negative predictive values across a range of estimated prevalence of bacterial meningitis among suspected cases. Statistical analyses were performed with Stata Version 14 (StataCorp, College Station, TX, USA).
Results
Study selection
Ninety-two studies were identified by the initial searches, which contained 42 duplicates. After a review of the abstracts, 37 studies were rejected due to insufficient data or lack of a direct comparison between urine reagent strips and laboratory and/or microbiological data (Figure 1) . Reasons for rejecting specific articles are listed in the supplement (See Appendix S1 and S2). A total of 13 articles including 2235 total study participants were ultimately included in the analysis.
Study characteristics
A plurality of studies was conducted in India (5/13), with two in Germany, two in Spain and one each in the USA, Kuwait, Malawi and Portugal. Studies ranged in sample size from 36 to 942. Nine studies evaluated the Combur9 or Combur10 urine reagent strips, three studies analysed the Bayer Multistix and one study analysed the Chemstrip LN. Characteristics of the studies are collated in Table 2 .
Risk of bias within studies
The majority of the studies included subjects with suspected bacterial meningitis. In contrast, four studies, DeLozier et al. [13] , Joshi et al. [14] , Chikkannaiah et al. [15] and L opez Paredes et al. [16] included subjects who had received a lumbar puncture for any indication. These four studies correlated WBC/lL with the leucocyte esterase assay on the urine reagent strip in the absence of other laboratory or clinical data. None of the studies investigated or mentioned inter-or intraobserver bias.
Synthesis of results
The pooled sensitivity and specificity for all studies using urine reagent strips to identify pleocytosis were 92% (95% CI: 84-96) and 98% (95% CI: 94-99), respectively ( Table 3 ). The pooled positive and negative likelihood ratios were 46.9 and 0.08, respectively. The study by DeLozier et al. [13] was the only one evaluating the Chemstrip LN, which had a sensitivity and specificity of 52% [95% CI: 42-63] and 98% [95% CI: 97-99], respectively. The sensitivities and specificities were marginally higher when we performed analyses on only the studies that used Combur strips (96% [95% CI: 92-97] and 98% [95% CI: 93-100], respectively). The pooled sensitivities and specificities are graphically displayed in the forest plot in Figure 2 and are depicted as a receiver operating characteristic curve (ROC) in Figure 3 .
We estimated the positive and negative predictive values based on pooled estimates of sensitivity and specificity calculated across a range of prevalence rates of bacterial meningitis among suspected cases. In the thirteen studies examined, the prevalence of bacterial meningitis in the CSF examined ranged from 11% to 55%. Assuming a prevalence of bacterial meningitis of 10% among subjects who receive a lumbar puncture, the PPV and NPV of the urine reagent strips are 84% and 99%, respectively ( Table 4) . The results for a prevalence of 10%, 50% and 90% are also displayed in Table 4 . I 2 ranged from 58.9% to 96.2% for the calculated sensitivities, specificities and likelihood ratio, implying moderate to considerable heterogeneity between the studies. Lastly, we assessed for publication bias using a Deek's Funnel Plot Asymmetry Test (Figure 4 ). Despite the fair amount of heterogeneity in the studies, the high P-value (0.49) and the visual inverse-funnel shape in Figure 4 overall mitigates concern for major publication bias. One study by Moosa et al. [17] was noted to be an outlier on the funnel plot.
Discussion
In a meta-analysis of published data on the diagnostic accuracy of urine dipstick leucocyte esterase assay for detection of CSF pleocytosis, we found a pooled sensitivity and specificity of 92% and 98%, respectively. These results correspond to relatively high positive and negative predictive values (>92%) in settings with moderate to high rates (50%) of bacterial meningitis among suspected cases. In scenarios where the pre-test probability of bacterial meningitis is low (e.g. <10%), the test may serve as an effective means of excluding significant meningitis (NPV = 99%), including most forms of bacterial meningitis, which carries high rates of morbidity and mortality (4). In LRS, there are few efficient, affordable and accurate approaches to detect bacterial meningitis. As a result, clinicians often empirically treat patients with fever and altered mental status for suspected bacterial meningitis without the support of laboratory-based data [9] . An accurate and inexpensive point-of-care (POC) test may empower providers to diagnose and treat bacterial meningitis. Drain et al. performed a review of studies using POC testing in LRS and proposed revised criteria for an ideal diagnostic POC test, including: (i) affordability, (ii) rapidity, (iii) ease of use, (iv) ease of interpretation, (v) high sensitivity (few false negatives) and (vi) high specificity (few false positives) [18] . Urine reagent strips are inexpensive, easy to use and interpret, and generate results within seconds to minutes. For suspected bacterial meningitis, a POC test with high sensitivity is arguably preferable to one with high specificity, because it will enable practitioners to ensure patients are not left untreated for a life-threatening condition. We calculated pooled sensitivity and specificity of the Combur urine reagent strips to be approximately 96% and 98%, respectively, corresponding to strong but not exceptional testing accuracy for identification of CSF pleocytosis.
Our results demonstrate an important advance in the literature on urine dipstick for diagnosis of bacterial meningitis, which previously demonstrated less valid estimates. Whereas Smalley et al. [19] first reported on the use of the leucocyte esterase assay to diagnose three cases of bacterial meningitis, their sample size and use of Chemstrip-L urine reagent strips, which are no longer manufactured, limit its import. Data published in the interim have demonstrated contrasting results. Heckmann et al. [20] , Hastka et al. [21] , Salvador et al. [22] and Moosa et al. [17] examined the accuracy of the Combur9 urine reagent strips with promising results. In contrast, DeLozier et al. [13] found that the Chemstrip LN leucocyte esterase assay demonstrated poor sensitivity to detect white blood cells. Following that study, Molyneux and Walsh [23] reported poor performance of the Bayer Multistix 8SG, with a sensitivity of 33% and a specificity of 83% when testing clear CSF, but near-perfect accuracy when testing cloudy CSF. They concluded that urine strips were not likely to add meaning beyond inspection for fluid turbidity. This study was corroborated by Bisharda et al. [24] , who also used Bayer Multistix 8SG. A subsequent review in 1997 by Bonev et al. concluded that using urine strips to detect CSF pleocytosis was not of diagnostic value [11] .
However, the historically poor sensitivity of urine reagent strips can be attributed to studies involving now outdated urine reagent strips. More recent studies by Romanelli et al. [25] , Parmar et al. [26] and Kumar et al. [27] revisited the utility of urine reagent strips when using the newer Combur10 test strips, reporting much higher sensitivities and specificities. In our review of the literature, which is largely comprised of these newer assays, we conclude that the reagent strips hold promise as a diagnostic tool in LRS and may be used to better inform clinicians about therapeutic considerations for suspected bacterial meningitis when further diagnostic testing is not readily available.
Notably, we did identify a fair amount of heterogeneity between the studies. We attribute this to studies by Molyneux and Bisharda [23, 24] , which used the Bayer Multistix 8SG urine reagent strips. For example, the calculated sensitivity to detect the presence of WBC was 64.1% in the study by Molyneux et al. [23] , whereas the ranges of sensitivity and specificity were 85-100% and 90-100%, respectively, in the studies that investigated the other test strip brands. Furthermore, the calculated specificity was 77.3% in the study by Bisharda et al. [24] , whereas it was at least above 89% in all the other studies. Importantly, newer versions of the Bayer Multistix performed better. The study by L opez Paredes et al. [16] in 1988 evaluated the Bayer Multistix 10SG found excellent sensitivity and specificity with the leucocyte esterase assay in both cerebrospinal fluid and seminal and peritoneal fluids. Despite the heterogeneity, overall, we found relatively high sensitivity and specificity in use of urine reagent strips to identify pleocytosis.
There are several limitations to be noted in this study. First, we did not differentiate between viral, bacterial and tuberculosis meningitides. Diagnosing these conditions requires specific cultures and assays. Furthermore, although specific protein and glucose values can be supportive of these conditions, we did not investigate the diagnostic validity of urine reagent strips and their protein and glucose assays when testing CSF. Similarly, when the gold standard of culture-positive bacterial meningitis was lacking, we used a cut-off of ≥10 WBC/ lL as a surrogate for suspected bacterial meningitis. As such, our findings are generalisable to the diagnosis of CSF pleocytosis and therefore possibly bacterial meningitis, but are not cause specific. Second, our review of the literature only evaluated leucocyte esterase assay detection by urine reagent strips, microscopic enumeration of white blood cells from CSF and intermittent microbiological culture data. We did not assess the diagnostic Regression line Deeka' funnel plot asymmetry test P-value = 0.49 Figure 3 Funnel Plot. Studies are identified by the study numbers used in Tables 1-3. accuracy of assays that detect blood, protein, glucose, bacteria or nitrite commonly found on urine reagent strips. Several papers suggest that these modalities may have utility in further assessing CSF, including identifying and differentiating between causes of meningitis [14, 15, 17, 22, [25] [26] [27] [28] [29] [30] [31] . Future studies should examine relationships between the above-mentioned values and standard CSF diagnostics to better consider the full value of urine reagent steps as diagnostic tools for bacterial meningitis. Finally, the studies examined had relatively small sample sizes as evidenced by the wide confidence intervals in our pooled estimates, and not all studies utilised the newest urine reagent strips (e.g. Combur10 and Bayer Multistix 10SG). Larger studies with newer urine reagent strips might help further this line of investigation. Sen, sensitivity; Spe, specificity; PLR, positive likelihood ratio; NLR, negative likelihood ratio; CI, confidence interval; I 2 , inconsistency -squared. *The superscript in the 'Authors' column denotes the analyses that are detailed in Appendix S1.
Conclusions
This review summarises the diagnostic accuracy of urine reagent strips to detect CSF pleocytosis. Although standard laboratory evaluation practices clearly remain the gold standard, urine reagent strips have relatively high sensitivity and specificity, and might hold diagnostic value in settings where standard laboratory tests are unavailable. The Combur10 strips appear to be the most promising of those evaluated to date. They could be considered as a rule-out test to prevent unnecessary use of antibiotics and promote further diagnostic evaluation in certain scenarios. Because urine reagent strips cannot differentiate between aetiologies of meningitis, further assays or cultures should be used for this purpose when the leucocyte esterase assay is positive.
Future studies should evaluate newer versions of reagent strips in LRS and consider other elements of the strips (e.g. glucose, protein, bacteria) to aid in the diagnostic utility in settings where advanced laboratory testing is not available. *PPV and NPV were calculated using the 92% and 98% sensitivity and specificity, respectively, of all studied urine reagent strips in identifying CSF pleocytosis. Tables 1-3. 
